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Currently, several producers are developing and marketing aluminum
sacrificial anode alloys for application in marine cathodic protection
systems. The research described in this report was initiated to develop
a more detailed understanding of the corrosion behavior of some commer-
cially available and developmental aluminum sacrificial anode alloys. In
this study, a total of six different alloys were investigated, supplied by
three different producers.
Several experimental approaches were applied in order to charac-
terize the behavior of the subject materials. These experiments were
designed to: (1) establish the time-dependence of galvanic current for
different aluminum anode alloys when coupled to HY-80 hull steel and im-
mersed in seawater; (2) characterize the polarization behavior; (3) utilize
surface microanalytical techniques such as scanning electron microscopy
and energy dispersive x-ray spectroscopy in order to study details of the
corrosion processes of the different alloys; (4) discover if any of the
alloys exhibit inhomogeneous attack or passivation effects that might
hinder practical application as sacrificial anodes for marine cathodic pro-
tection.
Prior to discussing experimental procedures and results, a brief sum-
mary of previous research on aluminum anodes will be presented.
Previous Research on Aluminum Sacrificial Anode Alloys
The United States Navy has long been aware of the importance of effec-
tive cathodic protection for its ships hulls, and for some time has relied
on military specification zinc anodes to afford this protection (1). Micro-
scopic aspects of the anodic corrosion performance of these zinc anodes have
received attention in previous research at the Naval Postgraduate School (2,3).
In recent years (since 1973) zinc anode systems on some U. S. Navy surface
ships have been replaced with impressed-current cathodic protection systems
and there are indications that U. S. Navy plans are to eventually install
impressed-current systems on a large proportion of surface ships (4). Alumi-
num sacrificial anodes apparently will see little if any application for hull
protection; rather, it is expected that aluminum anodes will be used in
accordance with General Specifications for Ships of the United States Navy,
Section 633, that is, to protect machinery, bilges, engineering space,
structural supports and other internal areas of the ships (4).
It has long been realized that aluminum possesses the primary attri-
butes needed by a sacrificial anode, namely: (1) potential sufficiently
electronegative to provide adequate current flow, (2) high electrical
output per pound of anode consumed, and (3) low cost. However, pure
aluminum cannot be utilized as a sacrificial anode because of the pro-
tective oxide surface layer which forms on it and limits its current output
(5,6). Some early alloy development work was partially successful in over-
coming the detrimental effects of the oxide film (7), but the alloys were
inconsistent in their electrochemical behavior and had a much lower effi-
ciency than the theoretical 1352 ampere-hours per pound of pure aluminum (8)
To date, the major contributors in the field of research pertaining to
aluminum sacrificial anode alloys have been the producers and users of the
product. Since systematic research on this subject started in the 1960's,
an assortment of basic and empirical work has been accomplished in the
fields of electrochemistry and physical metallurgy. A major thrust to de-
velop improved aluminum sacrificial anode alloys began when the economics
of the metals market indicated possible advantages to a shift from conven-
tional zinc- and magnesium-based alloys to aluminum-based materials (9).
Also, with the proliferation of off-shore oil -drilling platforms in the
1970's, the aluminum industry had greater justification to conduct active
research to improve and market economical and useful aluminum alloy sacri-
ficial anodes. Such research has been conducted by producers in Europe
(10-14), Japan (15), and the United States (5-9, 16-29), including basic
alloy development work (5, 7, 8, 11, 15, 17, 20, 26, 28), and large scale
testing of these alloys in laboratory and field conditions (6, 9, 10, 12-14,
16-19, 21-28). In the mid-1960's, the United States Navy began to evaluate
the utility of aluminum sacrificial anode alloys for Naval vessels, this
research being centered at the Naval Research Laboratory (8, 30-33). This
work has recently led to a preliminary Military Specification for aluminum
anodes (34).
On the standard EMF series, aluminum is between magnesium and zinc in
electronegativity; but for a galvanic series in seawater it is less active
than both magnesium and zinc because of passivation by a surface film (6).
Since research had shown that magnesium and zinc could be made more active
by additions of mercury (11), some experimenters believed that mercury
added to aluminum would make it more active and prevent passivation (8).
However there was a major problem in producing an aluminum-mercury alloy,
since a very minute amount of free mercury in contact with aluminum is a
potent catalyst for the formation of aluminum oxide. Since it was of
considerable interest to develope a mercury-bearing alloy in order to
maintain an active surface on an aluminum sacrificial anode, Rachlot, in
1963, developed a method to alloy small amounts of mercury with aluminum
without occurence of the catalytic reaction mentioned above, by use of
a pre-alloy of magnesium-zinc-mercury (11). This pre-alloying scheme is
now a proven method of introducing mercury to sacrificial aluminum alloy
compositions.
As late as 1966 there was only limited information available on the
effect of various alloy additions on the performance of aluminum as a
sacrificial anode. Most of the experimentation involved large numbers of
empirical observations (5-29). For example, Reding and Newport (Dow
Chemical) reported that over 2500 alloys were processed and evaluated in
order to be able to produce an anode with a high enough efficiency to be
marketable (5). Reding and Newport made extensive studies of the effects
of alloying elements added singly and in combination to aluminum, and de-
termined that gallium, tin, indium, zinc, magnesium, barium, cadmium and
mercury caused aluminum to exhibit a potential more active than unalloyed
aluminum, and that the required concentrations of the alloying elements
were quite small (5). Of course, the effect of each alloying constituent
was somewhat different; for instance, mercury-bearing alloys had efficien-
cies on the order of 90-95%, while some tin-bearing alloys exhibited only
30% efficiencies. When the various favorable elements were combined in
various proportions and added to aluminum, Reding and Newport (5) found
that aluminum-mercury-tin and aluminum-mercury-zinc, consistent with
Rachlot's conclusions, showed a high efficiency, approximately 95% (1290
ampere-hours per pound of aluminum alloy). At this point extensive
macro-scale seawater testing was started on the aluminum-mercury-zinc alloy
by Dow Chemical Company and the Navy (8,31).
Recently, a major concern to governments and commercial shippers has
been the possibility of mercury contamination of the environment due to
mercury-bearing alloys. Even though the mercury content is typically less
than one-half of one percent, this was and is a legitimate concern.
Therefore, some research has been devoted to finding alternate aluminum
alloy compositions with suitable efficiency. Sakano, Toda and Hanada (15)
found that an anode with long continuing activity and high current
efficiency could be prepared by the addition of indium and zinc to alum-
inum, and Reding and Newport (5) also noted that indium was a possibly
favorable addition to aluminum. However, it was some years before Dow
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Chemical marketed an aluminum-indium-zinc anode (Galvalum III) (28,29).
Sakano, Toda and Hanada (15) introduced the alloying elements to the melt
in a "pre-alloy" form and galvanic efficiencies of about 92% were obtained,
Smith, ejt al_. (28) reported 88% efficiency for an aluminum-indium anode
ten years after the Japanese work. These efficiencies compare favorably
with the 95% efficiency figure reported by Reding and Newport (5) for
aluminum-mercury anodes.
One difficulty with the aluminum-indium-zinc alloy was the develop-
ment of irregular corrosion patterns over the test anode surfaces, both in
field and laboratory studies (15). Various alloy additions were tested
to try to increase the uniformity of corrosive attack, and eventually
cadmium in small amounts (0.01-0.02%) was found to be useful for this
purpose (15). The distribution of corrosive attack on the macroscale is
important because, after all, an anode must be attached to the structure
it is to protect; and if the area around the attachment is consumed at a
higher rate than the remaining portion of the anode, there is a distinct
possibility that the anode will fall from the structure long before it
provides its full output. Also, it has been reported that mercury-bearing
anode alloys, although most efficient, sometimes exhibit localized cor-
rosive attack at unpredictable sites on the anodes and could conceivably
result in (dramatically) decreased protection in the long term.
It has been pointed out that aluminum-mercury-zinc anodes typically
show efficiencies greater than 90%, and that when compared to the mili-
tary specification zinc anode, the aluminum anode is about 3.5 times as
efficient (30). However, electrochemical efficiencies and corrosion
patterns of some anode alloys, such as aluminum-zinc-tin, have been some-
times found to have such wide variation that their reliability for
cathodic protection systems was considered questionable (33). In 1976,
Jensen (Ship Research Institute of Norway) agreed with the concern,
expressed in NRL findings, that aluminum anodes could fall off protected
structures. Jensen (10) reported that some anode users (ship and drilling-
rig owners) were asking whether any aluminum anodes behaved "as advertised,"
a concern reported to be especially true in the case of aluminum-mercury-
zinc anodes.
In view of these various statements regarding aluminum anode alloys,
many of which have been incompletely supported by data, the present re-
search was undertaken to characterize and compare the corrosion behavior
of presently available alloy compositions. Especially it was intended
to make both macroscopic and microscale observations of the corrosion
phenomena, and to attempt to correlate the results, as much as possible,
with the previous research reviewed above. It was of interest, for
example, to ascertain whether some of the categorical "reputations" of
certain alloy types were justified. It should be noted that the U. S. Navy
has apparently already decided, on the basis of empirical studies (8,30-33),
what type of aluminum anode alloy should be used aboard surface vessels,
and a preliminary military specification has been drafted (34). However,
in the conception of this study, it was verified (35,36) that information
on the microscopic behavior of various anodes would certainly provide basic
insight and might even be of practical use, such as contributing to the
iterative process of alloy development.
At the outset of this research, the following questions were deline-
ated as being of interest and importance to the understanding and perform-
ance of aluminum sacrificial anode alloys.
1. Do aluminum anode alloys that have similar alloy constituency
(e.g., aluminum-mercury-zinc), but are produced by different manufacturers,
experience the same form of corrosive attack (on the macroscale) and have
similar dissolution patterns (on the macroscale)?
2. Do the microstructural characteristics of the alloys, such as
affected by casting and/or heat treating processes, affect the corrosion
mode and morphology?
3. Exactly what is the distribution and mode of corrosive attack
on the various alloys?
4. What is the relation between microscale corrosion processes and
galvanic current output?
5. Can the utilization of small specimens in a limited test program
provide information that can be correlated with large-scale field tests?
6. If information relating to basic differences between the corrosion
behavior of the various alloys can be obtained, can this information be
utilized to make viable decisions relative to the utility of the various
alloys, and in what circumstances it is necessary to go to full-scale
field tests?
7. What are the polarization characteristics of the various alloys,
and what is their relationship to, and correlation with, the modes of
corrosive attack and galvanic current output?
8. What are the corrosion products formed on sacrificial aluminum
anode alloys in seawater?
EXPERIMENTAL METHODS
Representative samples of three basic types of commercially available
aluminum anode alloys, i.e., aluminum-mercury-zinc, aluminum-tin-zinc, and
aluminum-indium-zinc alloys were obtained with the assistance of Dow
Chemical U.S.A., Reynolds Metal Company and Kaiser Magnesium Comapny. Six
different alloys were obtained for study in this research. The trade names
and nominal chemical compositions of these proprietary alloys are given in
Table I. Samples for galvanic current measurements and polarization deter-
minations were machined from this material. After some initial experiments
involving all six alloys, three of the alloys were selected for more
detailed study. Most of the results reported here relate to these three
alloys, which were Galvalum I (here designated as alloy G-I), Reynode II
(alloy R-II), and KA-90 (alloy K-90).
Galvanic current tests were conducted for each of the six alloys,
coupled to HY-80 steel in quiescent synthetic seawater, and the aluminum
members of these couples were subsequently studied microscopically. The
six alloys were studied in (duplicate) galvanic couples for times up to
fourteen days. The three alloys studied in more detail than the others,
alloys G-I, R-II, and K-90, were subjected to a more rigorous matrix of
time-interval immersions of from fifteen minutes to 96 hours.
Design of the cells for galvanic current measurements was quite simple.
The apparatus used consisted of an array of 3000 ml beakers, each containing
2500 ml of artificial seawater, with oxygen saturation accomplished by
continuous aeration. The aluminum specimens were machined to 0.48 in.
x 0.48 in. x 0.20 in. (1.22 cm x 1.22 cm x 0.51 cm) coupons, while the
steel cathodes were 3.25 in. x 3.25 in. x 0.13 in. (8.25 cm x 8.25 cm
x 0.32 cm), giving a surface area ratio between opposing faces of approxi-
mately 46:1 and a total area ratio of 27:1 (steel to aluminum). The
anode and cathode were placed in 3000 ml beakers of synthetic seawater,
4 in. (10 cm) apart with faces parallel, connected by 14 in. (36 cm) of
insulated #12 solid copper wire (total resistance 1.85 x 10 ohms).
Galvanic current was monitored with a clip-on d.c. milliammeter (Hewlett-
Packard Model 423A). The surface condition of the aluminum anodes was a
cleaned and rinsed 600 grit finish. The steel cathodes were ultrasonically
cleaned in acetone and boiled in a solution of 207, NaOH and 200 g/1 zinc
dust for ten minutes, then cleaned with steel wool, rinsed with distilled
water and acetone, and dried with warm air.
Potentiodynamic polarization determinations were conducted to deter-
mine the single metal corrosion rates and polarization characteristics of
the aluminum sacrificial anode alloys in synthetic seawater. The potentio-
stat used was a Princeton Applied Research Model-331 Deluxe Corrosion
Measurement System. A continuous scan potentiodynamic technique was used
in which potential was scanned at 1.0 mV/sec from an active potential
through E (corrosion potential) to a noble potential. Specimens for
polarization tests were right circular Cylinders 0.375 in. (0.953 cm) in
height and diameter. The surfaces of the specimens were finished with
000 grit paper using a standard procedure while mounted in a lathe. Prior
to immersion in the corrosion cell, specimens were ultrasonically cleaned
in acetone for five minutes, rinsed with deionized water and ethanol , and
dried. Synthetic seawater was prepared by standard methods (40) and
fresh electrolyte was utilized for each polarization run. The corrosion
cell was filled with electrolyte to a height of 3.5 in. (9.0 cm), and
nitrogen gas was introduced into the electrolyte through a regulated
sparger. The corrosion cell was then placed on a magnetic stirrer for a
five minute deaeration period prior to commencement of a polarization run.
After the electrolyte was deaerated stirring was stopped and the specimen
inserted. A standard time of two minutes was established between specimen
insertion in the electrolyte and commencement of a polarization run, and
other standard procedures were followed.
After various intervals of galvanic current measurement, and after some
polarization runs, aluminum samples were examined by scanning electron
microscopy and other microscopic methods. In order to minimize electron
charging of the surface due to nonconductive corrosion products, a 40-50 A
layer of gold was usually evaporated over the specimen surfaces. This
technique was successful for all specimens except those (e.g., alloy K-90)
which had significant corrosion product present, in which case the gold
coating did not significantly improve resolution at high magnifications.
Some specimens were not gold coated, so that they could be studied by
microbeam energy-dispersive x-ray spectroscopy, using a Princeton Gamma
Tech PGT-1000 system. Some sample surfaces were also examined by SEM
after removing corrosion products by standard methods.
RESULTS AND DISCUSSION
Galvanic Couple Behavior
Galvanic current was monitored for 334 hours (14 days) for each
aluminum alloy and for MIL-SPEC zinc. These galvanic current vs. time
curves were used as a basis of comparison with the predictions of potentio-
dynamic polarization curves. Also, visual and microscopic observations of
the galvanically exposed samples were correlated with trends exhibited by
they galvanic current vs. time curves. The galvanic current behavior
(Figures 1-3) was yery similar for the three alloys tested. However, dis-
tinctly different macroscopic corrosion patterns and microscopic dissolu-
tion morphologies were observed. Macrophotographs of the anodes and
cathodes after these immersion tests are shown in Figures 4 and 5,
respectively.
The galvanic current vs. time data demonstrate that the aluminum
anodes have a relatively high initial galvanic current density compared
to MIL-SPEC zinc (for the same area ratio with steel cathodes). MIL-SPEC
2
zinc shows an initial current density of approximately 3mA/cm , while for
2
alloy G-I the initial value is about 4.5 mA/cm , for alloy R-II about
2 2
7. 4mA/cm
, and for alloy K-90 about 3.4mA/cm . The particularly high
initial current density for alloy K-90 is correlated with a high density
of pits that form on the surface of the specimens within fifteen minutes
of immersion. The aluminum sacrificial anode alloys all exhibit the same
general trend of galvanic current, with a high starting current density
which rapidly decreases to a stable value. The decrease in galvanic
current with time is not entirely attributable to a passivation phenomenon
on the anode surface; it is also due to the buildup of calcareous deposits
on the coupled cathodes (see Figure 5), which reduces the cathodic area
which the anode has to protect, thereby lowering the required galvanic
current output.
Although the galvanic current exhibits very similar trends for the
various alloys there are distinctly different macroscopic corrosion
patterns (Figure 4) and microscopic dissolution morphologies. MJL-SPEC
zinc (Figure 4a) shows a more uniform pattern of corrosion than do any
of the aluminum alloys, with no local dissolution cavities. The surface
of the zinc anode becomes covered with a powdery white corrosion product,
which has been determined to consist of an array of microscopic zinc oxide
crystal platelets (2,3). The mercury-bearing alloys examined, except
alloy G-II (Figure 4c) show attack that is free of corrosion product
buildup, at least insofar as can be discerned on the macroscale. Alloys
G-I, R- II, and K-95 (Figures 4b, 4e, and 4g respectively) develop similar
patterns of attack, with a form which has been reported as typical of
mercury-bearing anode alloys (8, 30-33), consisting of large areas of
general dissolution, with other areas of the surface void of significant
corrosion, or corrosion product. In contrast, alloy G-II becomes uniformly
covered with a fragile white corrosion product (Figure 4c).
Alloys G-I and R- II, although similar in composition (both mercury-
bearing), show distinctly different distributions of attack over the
surface. Alloy G-I (Figure 4b) corrodes primarily along the edges of the
specimen, while alloy R-II (Figure 4e) forms a set of parallel elongated
dissolution cavities which grow by "worming" vertically down the broad
faces. These two alloys have approximately the same alloy composition,
but alloy R-II is reported to be "heat treated" after casting. Therefore,
it may be inferred that the heat treatment of alloy R-II, as compared to
the simple chill casting of alloy G-I, must account for the distinct dif-
ferences in corrosion patterns observed for these two alloys. While the
exact mechanisms accounting for the different behaviors cannot be described
it is likely that the heat treatment effect is realized in terms of the
location of alloying elements in the respective microstructures. This
contrast in behavior between two compos itiona 11 y similar commercial anode
alloys serves to point out that factors other than alloy composition can
be of great importance in aluminum sacrificial anode alloys, as demonstrated
in this case when comparing the macroscopic corrosion patterns. The base
metal microstructures of the G-I and R-I I alloys are shown in Figure 6.
The macroscopic appearance of alloy K-90 (mercury-zinc-tin) after
fourteen days exposure is illustrated in Figure 4f. The specimens are
coated with a white, brittle corrosion product which when dried and
scraped from the specimens reveals a uniformly corroded surface. The
structure of the underlying corroded anode is brittle, and relatively
large areas of it can be easily chipped off. The texture of the corroded
anode is grainy and coarse, consistent with an attack mechanism involving
severe intergranular corrosion. Subsequent high-magnification observations
confirm this.
One might ask whether observations on these small-scale anode coupons
can be related to the behavior of full-scale sacrificial anodes. In fact,
the behavior is often remarkably similar, such as is seen when comparing
the macroscopic appearance of specimens studied in this research (Figures
4a through 4g) with the macroscopic appearance of large scale field test
specimens (Figure 4h) (41). In spite of the difference in scale, each
commercial alloy is readily identifiable by its own unique pattern of
corrosion.
The steel cathodes which are galvanically connected to the anodes
became covered with calcareous deposits, and a large amount of flocculent
precipitate forms and settles out in the seawater, collecting in the bottom
of the cells. Figure 5 is a collection of macrophotographs of the various
cathodes, with the calcareous deposits remaining on them after some of the
loose-adhering deposits were removed for x-ray diffraction analysis.
Cathodes galvanically coupled to alloys R-II and K-90 had more deposits on
them than cathodes coupled to the other aluminum alloy anodes. It is well
known that seawater, containing predominately sodium chloride, also contains
significant amounts of bi carbonates and sulphates, and that these compounds
are important in the corrosion process because they act as cathodic inhib-
itors, (42-44). Under quiescent conditions, as in the present galvanic
couple tests, calcium carbonate and other compounds may be precipitated at
the cathodic areas; and if the deposits adhere to the cathodic surfaces,
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the cathodic process will be stifled. The calcareous deposits effectively
reduce the area of the cathode and therefore reduce the anodic current
output required for adequate cathodic protection. This factor contributes
to the reduction in galvanic current output with time, observed for all
the aluminum anode alloys tested. This may be particularly important in
the case of the alloy anodes which do not become covered with corrosion
product, i.e., alloys G-I, G-III, R-II, and K-90.
X-ray diffraction analyses were conducted on the deposits removed
from the cathodes that had been galvanically coupled to the G-I, R-II,
and K-90 anodes. These analyses were not totally conclusive, but there
was good correlation with peaks of calcium carbonate and dihydrous calcium
sulphate (CaS0,-2Hp0). According to LaQue (44), the typical composition
of calcareous deposits found on steel cathodes immersed in seawater
includes calcium carbonate and calcium sulphate, plus various other bicar-
bonates, sulphates and water. The variable proportion of water bound in
the compounds causes difficulty in identification by x-ray diffraction.
While complete identification of all compounds in these deposits was not
possible, it was observed that the cathodic deposits for all the different
anodes have qualitatively identical x-ray diffraction patterns, which
indicates that the deposits are of the same identity, independent of the
coupled anode alloy.
Formation of an opaque, flocculent precipitate in the seawater was
observed in about the same proportion as the calcareous deposits on the
cathodes; that is, couples involving alloys R-II and K-90 tend to form the
most precipitate. The electrolyte from the various galvanic cell solutions
sued were subsequently filtered to collect the precipitate, and x-ray dif-
fraction patterns were run. However, the very fine powder material did not
produce coherent x-ray diffraction patterns, indicating that it is either
an amorphous substance, or (more likely) if crystalline, the particle size
is so small that the x-ray peaks are smeared out.
When the initial (fourteen-day) galvanic current studies were completed
three alloys were selected for more detailed study: alloys G-I, R-II, and
K-90. Alloys G-I and R-II were selected because of their similar mercury
content but different origin; also, both meet the alloy constituency per-
centages indicated in the preliminary military specification (34); alloy K-90
was selected because it displays a higher initial galvanic current, has a
different alloy constituency, and has a distinctly different character in
terms of distribution of attack and corrosion product formation.
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Potentiodynamic Polarization Behavior
The potentiodynamic polarization behavior of alloys G-I, R-II, and
K-90 is shown in Figures 7 a, b, and c. The behavior of alloy G-I is
quite similar to that of alloy R-II (Figure 7b), while that of alloy K-90
(Figure 7c) is somewhat different. These potentiodynamic polarization
curves, obtained from freely corroding single metal samples, can be used to
predict the corrosion potential and current when the metal is galvanically
coupled. Since in practical applications, aluminum anodes are galvanically
coupled to more noble materials (in these experiments, to HY-80 steel), it
was of interest to see if the independent potentiodynamic polarization
curves of the coupled metals would predict the actual corrosion rates ex-
perienced by the aluminum anodes in the galvanic current tests. The polar-
ization curve for HY-80 steel is shown in Figure 7d. Calculations were
made for a cathode-to-anode surface area ratio of 27:1, the ratio of the
total surface area of the steel plate cathode to the total surface area of
the aluminum anode. The intersections of the cathodic branch of the HY-80
steel polarization curve with the anodic branch of the aluminum anode
curves (for an area ratio of 27:1) are marked by an asterisk on Figures
7 a, b, and c. The polarization data for freely corroding aluminum sacri-
ficial anode specimens is summarized in Table II, along with the predicted
galvanic values and corrosion rates and the actual measured galvanic cor-
rosion rates. Correlation between the actual weight loss measurements and
calculations from galvanic current vs. time curves is extremely good for
all three anode alloys. Correlation between the actual weight loss measure-
ments and rates predicted from the potentiodynamic polarization data is
within an order of magnitude. For instance, the predicted corrosion rate
for alloy G-I predicted from polarization data is 165 mdd, while the rate
measured from weight loss is 698 mdd.
The characteristics of the potentiodynamic polarization curves (Figures
7 a, b, and c) can be related to the macroscopic anodic behavior observed
for the respective alloys. For example, because of the way the polarization
curves interact with HY-80 steel (at area ratio 27:1), it would be pre-
dicted that anodes of alloys G-I and R-II would not experience significant
pitting. On the other hand, because of the transpassive intersection of
the polarization curves for alloy K-90, significant pitting of the anode
would be predicted. The polarization curves for alloys G-I and R-II
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(Figures 7 a and b) show that a relatively large potential must be applied
in order to obtain the transpassive, or pitting, region of the anodic branch
of the polarization curve. In contrast, the polarization behavior of
alloy K-90 does not show an abrupt transition to a transpassive region
during anodic polarization. The implication of this is that alloy K-90
will more readily obtain a profuse pitting condition when coupled to a
given cathode. These predictions are validated by scanning electron micro-
scope observations (Figures 8 a, b, and c) and macrophotographs (Figures
4 b. e, and f) of the aluminum anode specimens.
Microscopic Observations
A difficulty faced by those interested in improving cathodic protection
systems is a lack of information concerning the actual corrosion mechanisms
involved. While there is an abundance of data relating to the macroscopic
findings of large scale corrosion testing, the corrosion process actually
takes place on a microscopic level. In order to scrutinize the corrosion
mechanisms of aluminum sacrificial anode alloys, scanning electron micro-
scopy (SEM) was used extensively in the present research to study the sur-
faces of aluminum anode alloys after various anodic exposures. The high
mangification direct observations afforded by SEM provide the researcher
with unique information with which to develop ideas about corrosion
mechanisms
.
Low Magnification Observations: Initiation a nd_ P rogres s of Corrosive Attac k
At relatively low magnifications (20X to 100X), Figures 8, 9, and 10
illustrate the distribution and progress of dissolution attack on the sur-
faces of alloys G-I, R- II. and K-90, respectively, after fifteen-minute
exposures in (area ratio 27:1) couples with HY-80 steel. Figure 8 shows
that alloy G-I exhibits initial dissolution localized along specimen edges,
as noted earlier. On the other hand, the local dissolution of alloy R-II
begins at an array of sites on the broad surface faces (Figure 9 ). Alloy
K-90 (aluminum-tin-zinc) demonstrates much more profuse pit formation over
the entire specimen surface, as illustrated by Figure 10 which shows
numerous pits on the order of 30 urn in diameter.
Aluminum exposed to air forms an oxide film, generally considered to
by yA1
?0^. This film is regarded as a protective coating which also pre-
vents aluminum and its alloys from corroding in seawater. One of the
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questions addressed by the present research was: At the microscopic level,
what mechanisms lead to breakdown of the passivating film and the start of
pit formation on aluminum anodes when coupled to steel and immersed in
artificial seawater? In fact, the attack modes observed on the various
alloys in this work do not all constitute classical pitting, which we may
define as rapid localized corrosive action with deep penetration and insig-
nificant weight loss. Among the three aluminum alloys examined here, only
alloy K-90 appears to be attacked by a "true" pitting mechanism, i.e., the
attack of alloy K-90 resembles classical pitting whereas that of alloys G-I
and R-II does not.
It has been pointed out that in terms of polarization behavior, an
anode initially subjected to high current density, or an anode that requires
only a small potential increase above its corrosion potential to obtain the
transpassive (pitting) regime of its anodic polarization curve, tends to
experience rapid pit formation, followed by lateral growth, or local dis-
solution around the pits (45). In this research alloy K-90 has the highest
initial current density, and as evidenced in Figure 10, develops the largest
number of pits per unit surface area. Therefore we see that the potentio-
dynamic polarization behavior of alloy K-90 directly correlates with the
microscopically observed behavior, supporting the concept that ready attain-
ment of transpassive behavior is associated with enhanced pit formation.
When comparing the surface attack in Figures 8, 9, and 10, it is seen
that quite different anodic dissolution mechanisms are involved in the
initial corrosive behavior of the three alloys, and an explanation for these
diverse behaviors cannot be found in any unified theory for pitting. Alloys
G-I and R-II have yery similar alloy compositions, but alloy R-II is heat
treated after a chill -casting to resolution zinc and mercury, then air
cooled (46). It would thus be logical to assume that initial dissolution
of alloy R-II, tending to locate on the broad surface faces rather than the
edges of the specimens, is related to some effect of the heat treatment.
The important alloy constituents, e.g., mercury, copper and iron, are nom-
inally present in similar amounts in alloys G-I and R-II, but these ele-
ments are clearly not distributed the same in these two alloys. It is not
obvious whether the effect is macroscale of microscale. That is, there
may be differences in concentration on the macroscopic scale across the
ingots from which the samples were machined, i.e., segregation from edge-to-
center, or there may be differences in the distribution of alloying con-
stituents in the microstructures of the respective alloys. It seems likely
14
that a different sensitivity to surface flaws and geometric: discontinuities
contributes to the different behavior of alloys G-I and R- II, i.e., the
broad-surface dissolution attack on alloy R-II as opposed to the edge-
localized attack on alloy G-I. This is suggested because the specimens of
the two alloys were prepared in exactly the same way, so that the initial
surface condition of all specimens was the same, yet alloy G-I exhibits
dissolution indicating greater sensitivity to macroscopic geometric dis-
continuities and edge effects, while alloy R-II is insensitive to such
features
.
As previously noted, alloy K-90 anode specimens exhibit rapid and
profuse pit formation of a more classical type over the entire surface
(Figure 8c). The initial pits on alloy K-90, such as seen in Figure 10,
are approximately 25-30 urn in diameter after fifteen minutes of galvanic
action. As the immersion time increases, pitting action continues, and
more pits are generated. This nucleation of more pits is in contrast to
the tendency of the two other alloys studied, which are mercury-bearing.
Research by Pryor. Keir, and co-workers (7,47) indicated that tin will
reduce the corrosion resistance of an aluminum oxide (y-A1
? 0t) film if
the tin is evenly dispersed in the aluminum substrate, as it apparently
is in the heat treated alloy K-90. It has been pointed out that only about
0.1% tin can be retained in a metastable solid solution but that homogenized
aluminum-tin alloys containing greater than 0.1% tin will still corrode
quite uniformly when coupled to steel and in a sodium chloride solution (7).
Alloy K-90 nominally contains 0.12 - 0.20% tin, and does corrode "evenly",
i.e., shows pitting attack that is uniformly distributed over its surface.
It appears that a variety of mechanisms initiate the corrosion process
on different aluminum sacrificial anode alloys. In the case of the alloys
studied in this work, it is somewhat arbitrary, when observing the various
modes of attack, as to what should be considered classical pitting and
what should be considered as simply local dissolution. It was decided
that the dissolution sites formed on alloys G-I and R-II do not propagate
by a classical pitting mechanism; instead they enlarge as "local dissolu-
tion cavities." However in the case of alloy K-90, the high initial
current density, together with the particular polarization behavior, alloy
homogenization. and environmental factors, contribute to localized
breakdown of the aluminum oxide film, and a true "pitting" mechanism operates
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In these materials, we are also interested in the manner in which the
various alloys corrode after initial pit formation. It is seen from the
current vs. time curves (Figures 1, 2, 3) that the electrochemical properties
of the galvanic couples change with time. Galvanic current, which starts
at a relatively high value for all the anode types, rapidly decreases and
then maintain itself at an apparently stable value. In term of the associ-
ated surface dissolution processes, we observe that initial pits grow into
larger "local dissolution cavities" or propagate as "true pits," and dis-
tinct surface morphologies become evident on the dissolution surfaces when
viewed at high magnification (discussed in next section). Within the
first twenty-four hours of immersion, a number of similar macroscopic
aspects of corrosion are exhibited by the three aluminum sacrificial anode
alloys, including the following:
(1) the corrosion process decreases the total mass of each anode but
increases the surface area;
(2) calcareous deposits form on the cathodes;
(3) corrosion products form, to various extents, on the anodes;
(4) large amounts of white flocculent matter precipitate in the seawater,
All these physical phenomena influence the net corrosion behavior of
the aluminum anodes. Some of these factors initially tend to stifle the
anodic reaction, but the galvanic current supplied by the anodes eventually
obtains a stable level rate. It is of interest to determine how the gal-
vanic current is able to be supplied under the apparently changing conditions
related to the corrosion process. In order to pursue this question it is
necessary to move to a consideration of more microscopic aspects of disso-
lution and corrosion product formation.
High Magnification Observations: Microscopic Dissolution Behavior
Figures 11, 12, and 13 illustrate the typical microscopic surface
structure of the respective alloys after various immersion times. These
views, at magnifications from about 100X to more than 1000X, show that
typically anodic attack is localized, and is realized on the microscopic
scale by processes of crystalline dissolution. This is the case for all
three alloys, although the details of the dissolution morphology differ
for each.
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Galvalum I (Alloy G- I): Microscopic characteristics of the corrosive
attack mode of alloy G-I are illustrated in Figure 11. Alloy G-I shows
initial dissolution from the edges of the specimens inward. Dissolution is
more rapid along the edge of the specimen, somewhat slower inward from
the edge. The process undercuts the general surface film to a slight extent
as it progresses. At high magnification (Figure lib, lie) it is noticed
that there is a distinct crystal lographic nature to the dissolution surface
morphology, which is virtually free of coverage by any corrosion product.
We have applied the term "herringbone" to the unique crystal lographic dis-
solution pattern which develops on alloy G-I; the surface morphology con-
sists of a set of hillocks of base metal extending outward from a central
ridge, appearing much like ribs extending outward from the spine of a fish
skeleton. Figure lib particularly illustrates this herringbone pattern as
seen at high magnification. The white "puffs" at the peaks of the "backbone'
are corrosion product, while the hillocks, or rib-bones, extending from
the central spine are base metal. In between the individual herringbone
patterns are flattish valleys of more uniform metal dissolution. The rib-
bones in such patterns are typically 2-3 urn in width and are separated by
troughs that are 1-2 urn in width; these dimensions do not vary much with
immersion time. This particular dissolution surface morphology was appar-
ent on all specimens of alloy G-I studied, with the only variable being the
amount of corrosion product, which increased with time. The morphological
and dimensional consistency of these herringbone patterns reflects the
particular dissolution mechanism of this aluminum sacrificial anode alloy.
To interpret the dissolution morphology in more detail, the crystal-
lography of the face-centered-cubic (FCC) aluminum matrix must be considered.
The atomic arrangement at a planar surface of a poly-crystalline solid
varies with grain orientation relative to the section plane. In many metal-
lic crystals, certain planes tend to be preferentially etched, leaving other
planes geometrically evident (48). Since the close-packed planes of a
crystal have the greatest number of atomic bonds distributed in them, these
tend to be the type of faces revealed by etching; also if the bonding energy
is plotted as a function of orientation in the plane (Wulff Plot), there
is maximum energy in the direction of close-packing (49). For FCC crystals
the close-packed planes are (111) and the close-packed directions are <110>.
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Therefore, if aluminum is placed in an environment that will prefer-
entially etch to reveal close-packed planes, the etching response of a given
crystal (grain) depends on the plane of section through it. Vermilyea (50)
reports that if the initial section plane is the (111) plane of an FCC
crystal, this plane maintains a constant potential during an etch, but if
the initial section plane is other than (111), the potentials of these
other (non-close-packed) planes drift and approach that of the (111). This
is accomplished by the other planes being rapidly etched until they approach
the configuration of a (111) plane, and then the etching mechanism slows.
From this process, distinct faceted morphologies are created, and micro-
scopically, nearly the entire surface of the crystal becomes bounded by
close-packed planes (50).
The grain boundary configuration seen at the upper right in Figure lie
clearly illustrates the "step structure" created on grain surfaces by pre-
ferential etching. The herringbone patterns also represent a step structure,
with the spines and ribs formed by bounding close-packed (111) planes of
the aluminum, and the preferentially etched areas between the rib-bones are
planes of less dense atomic packing. The details of the dissolution model
are discussed in a separate paper (51). The scale of the dissolution surface
pattern does not change significantly with time. Figures lid, lie, and llh
illustrate the constant dimensionality of the herringbone pattern.
Base metal grain boundaries in alloy G-I are only very slightly under-
cut, i.e., they experience only asmall increase in the degree of dissolution
(Figures lid and lie). As time of immersion increases, slight penetration
appears along certain boundaries, and outer grain surfaces become revealed
due to differences in dissolution rates for different grain aspects. There-
fore, we conclude that in this alloy, there is no tendency for grain bound-
aries to be corrosively attacked by a classical "intergranular corrosion"
mechanism; the attack here is much more subtle in nature, similar to normal
metal lographic etching. Figure lie shows the junction of three grains
(seen in the center of Figure lid) that display differing dissolution rates.
Figure llf illustrates the typical appearance of the "uncorroded" areas
of the surface of specimens after several hours' exposure. There is evidence
of a continuous (but cracked) film (it is likely that the film cracked during
drying) and small outcroppings of corrosion product. The continuous film is
the aluminum oxide which initially covered the surface of the specimens.
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The small corrosion product outcroppings are fairly tenacious, in that they
do not readily rinse off the surfaces in distilled water.
As the immersion time for alloy G-I specimens increases, the amount of
corrosion product that deposits on the dissolution surface increases to
some extent (Figures llg, llh, Hi, and llj), The corrosion product local-
izes on the spines of the herringbones (i.e., on the pointed edges of the
step structure) in clusters and appears to be very fine crystallites.
(Recall that no x-ray diffraction peaks were produced by the precipitate
matter in the seawater. ) The surface structure for alloy G-I immersed
ninety-six hours is illustrated by Figures Hi and llj, and shows continued
prevalence of the herringbone pattern. The ribs (steps) remain 2-4 urn in
width, with larger amounts of corrosion product on the central spines
(major steps). The corrosion process continues to undercut unattacked
surface areas of the specimen (Figure llj); this points out that once the
general film is broken and a dissolution region established, the film is no
longer a significant factor. It is also noticeable in Figure llj that a
new film is beginning to form over the dissolution area; a "mud-cracked"
pattern can be seen in it after drying.
After fourteen days coupled to steel, the surface of alloy G-I anodes
was corrosively attacked over only about one-third of the area, in spite of
the high edge-to-surface ratio of our test coupons. This emphasizes that
the general corrosion behavior of alloy G-I involves localization of attack
in slowly expanding dissolution cavities. Since the active surface area of
the anode is actually increasing, and since little corrosion product accum-
ulates on the attacked surface areas, the anode is corroding in a manner that
allows it to continue to perform its current-providing function.
The base metal microstructure of alloy G-I is shown in Figure 6a.
On the dissolution surfaces there is very little evidence of localized attack
that might be associated with this microstructure. The microstructure
reveals no second phases or compositional segregation. Figure 6a shows the
large grain structure found in the center of the chill -cast "pencil" ingots
which were machined to make the test specimens; the outer regions of the
mechanical coupons did have somewhat smaller grains; this is evident in
some SEM photographs (e.g.. Figures 11a and lid). The center grains of the
chill-cast pencils are larger than 1.2 mm, while some grains on the edges of
the immersion specimens are on the order of 0.2 mm in diameter.
19
It is possible, but not obvious, that the observed herringbone dissol-
ution patterns are related to a base metal microstructural feature, perhaps
a fine-scale dendritic pattern. Since the herringbone features are not
observed on the dissolution surface of other alloys of similar nominal com-
position, a base metal microstructural origin is a possibility. But the
effect may be less direct, such as through the effect of composition on the
surface energies of crystal lographic planes.
Reynode II (Alloy R-II ): The typical microscopic corrosion features
observed for alloy R-II are illustrated in Figure 12. This alloy exhibits
its own characteristic dissolution patterns and fea ures, quite different
from those exhibited by alloy G-I, although these alloys are similar in
constituency. Alloy R-II samples typically exhibit rapid formation of
local dissolution sites, (e.g., Figure 12a, 12d, 12e, etc.) followed by
elongation (downward on vertical faces) into local dissolution cavities
(termed "worm-pitting" as seen in Figure 9). Within the dissolution
cavities, on a fine-scale, variable dissolution rates are seen for neigh-
boring grains in a given region (Figure 12a), and a unique "peaked" struc-
ture is a prevalent microscale feature on the dissolution surfaces (Figures
12c and 121).
As for alloy G-I, the dissolution areas on alloy R-II spread laterally,
slightly undercutting the unattacked surface of the anode, as can be seen
in Figures 12a, 12d, 12e, and 12m. The physical impression is that alloy
R-II obtains the transpassive condition during polarization more easily than
alloy G-I (see polarization curves, Figure 7), thereby forming an array of
initial pits on its surface. Enlargement of these initial sites into elong-
gated dissolution cavities is facilitated by undercutting the passivating
film on the surface of the specimens.
The series of photomicrographs in Figure 12 serves to illustrate the
chronology of dissolution cavity growth for alloy R-II. The dissolution
cavities grow and worm along the surface of the specimens, a macroscopic
growth characteristic evident in Figure 9. The wormpits grow vertically
down the anode surface during exposure, with much slower widening of the
cavity. Apparently a gravity effect causes corrosion by-product to flow out
of the local dissolution site, down the vertical face of the specimen, aid-
ing in the progression of corrosive attack vertically downward.
At higher magnifications, the surfaces of the dissolution cavities
show unique dissolution morphologies (e.g., Figures 1 2d and 12i) in which
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the base metal grains and grain boundaries are clearly distinguished. Some
grains show distinct sets of parallel facets, while others are without any
particular characteristic. The most characteristic microscopic feature of
the dissolution surfaces of Reynode II are dense clusters of cone-like peaks.
The specific shape of these peaks depends on the grain aspect, and it is
not clear whether they are a perfect octahedral form. Figure 12b is a mag-
nified view of Figure 12a and shows a white crested structure (that runs
diagonally across Figure 12b) corresponding to a base metal grain boundary.
The projection of this grain boundary ridge above dissolved inner grains
is typical and is the opposite of the tendency of alloy G-I, which exhibited
a slight degree of grain boundary penetration. Note the array of peaks to
the left of the boundary in Figure 12b. These peaks, also illustrated by
Figure 12c are 2-4 pm in height and width and appear in a regular, uniformly-
spaced array. Figure 121 also illustrates the distinct peak (octahedral)
formation, for a twenty-four-hour exposure. Sometimes these peak features
have a less distinct appearance, as seen in Figures 12k and 12j, where
they appear rounded and worn.
As discussed earlier, most crystals develop faces of simple orientation
when electrolytically etched, and the final face is independent of the orien-
tation of the face initially exposed to the solution. The remaining faces
are clearly the most slowly dissolved and ^/ery often are the close packed
planes of the particular crystal structure. It is evident from Figure 12c
that preferential etching attacks the base metal in this manner and works
to develop the peaks, while at the same time leaving intervening plane
surfaces, as in the center of the figure. Although both alloy G-I and
alloy R-II form distinct crystal lographic dissolution surface structures,
there is a significant difference between the dissolution morphologies. The
question is why, since these two alloys have similar composition, specimens
from both alloys were made in the same manner, and all testing was accomplished
with a standard procedure. The only known difference between alloy G-I and
alloy R-II is that the latter is heat-treated after casting. This solution
heat treatment apparently allows a redistribution of alloying elements that
effects the dissolution morphology when the metal is corroded in a saline
environment. The exact mechanism which leads to the observed differences
in etched surface morphology is not known at this time. The base metal
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microstructure of alloy R-II is shown in Figure 6b. A large average grain
size (over 1.2 mm) is seen, comparable to alloy G-I (Figure 6a), but
alloy R-II also shows a dendritic segregation structure within the grains.
Figures 12e and 12k give striking evidence of the grain orientation-
dependence of dissolution in alloy R-II. The topological relief seen in
Figure 12e reflects the fact that each of the grains in the field had a
different corrosion rate. There is very little corrosion product present
on any of the dissolved surface, a feature in common with alloy G-I and
undoubtedly related to the mercury content of these alloys (11).
Another common dissolution morphology seen for alloy R-II is illus-
trated by Figures 12g and 12m, where the surface dissolution topology
appears striated, meaning grooved or channeled. The striations do not
cross grain boundaries, and are approximately parallel to each other within
a given grain. This type of pattern is obviously an alternative dissolu-
tion morphology developed when certain grain aspects are presented to the
electrolyte.
In summary, the predominant features of the dissolution surface of
alloy R-II reflect preferred crystallographic etching, with dissolution
morphologies resulting from the various dissolution rates of close-packed
and non-close-packed crystal planes. The commonality between alloys G-I
and R-II is that both materials develop initial local dissolution sites
which expand laterally. However, the attack on alloy G-I concentrates
initially at the edges of the specimens, while alloy R-II attacked primarily
on the broad face surfaces. Also, both alloys expand their dissolution sites
by undermining the general oxide layer on the surface.
KA-90(A11oy K-90 ): Microscopic characteristics of the anodic attack of
alloy K-90 are shown in Figure 13. The predominant feature is a rapid, true
pitting phenomenon, with a fine distribution of pits over the surface (many
pits per unit area)»as seen in Figure 10; these pits form profusely in the
early stages of attack, and gradually grow and coalesce as time goes on.
Once again, there is evidence of crystallographic dissolution. Faceting is
seen within the various grains (e.g., Figure 13e, 13g, 13h) with the orien-
tation of the facets different in each grain, reflective of the different
aspects that the grains present at the planar surface. As dissolution pro-
ceeds, a tendency to intergranular corrosion (IGC) is noticed microscopically
in alloy K-90 (Figure 13f) and is also evidenced when physically inspecting
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specimens after immersion tests, at which time the specimen surfaces are
observed to be loosely granular and tend to crumble. Figures 13e, 13f,
13g, and 13h illustrate the microscopic aspects of the intergranular cor-
rosion of alloy K-90. In the center of Fiqure 13g, a larqe opening is
seen at a base metal grain triple point. These dissolved openings some-
times progress completely between and around grains, and sometimes grains
become covered by smooth, egg-shell-like capsules, as in Fiqure 13h.
The dissolution surface of alloy K-90 has a much heavier deposit of
corrosion product, especially for short times, than alloys G-I or R-II
(e.g.. Figures 13a, 13b. 13c), In fact, the dissolution surface morphology
is often obscured by these deposits. However, the deposits are not com-
pact, and do not afford protection against attack of the anode. Figures
13c and 13d illustrate dissolution undermining of the unattacked surface
of the anode. Fiqure 13d is particularly descriptive of this behavior,
where the undermined surfaces of the anode can be seen hanging over the
edges of a large pit. This mode of dissolution obviously avoids any
problem of passivation created by a general surface oxide film, but does
not impair the anode's ability to supply current and cathodically protect.
In addition to becoming covered with a heavier corrosion product accumu-
lation than do anodes of alloys G-I and R-II, alloy K-9D anodes develop
heavier-than-averaae calcareous deposits on the associated cathodes.
These calcareous deposits reduce the exposed cathode area rpquirinq pro-
tection. In order to investigate further this behavior, it would be useful
to study the behavior of these alloys as a function of cathode-to-anode
area ratio.
As mentioned earlier, the pitting features seen in Figure 10 may be
correlated with the alloy's high initial galvanic current; the high starting
current breaks down the oxide film and allows pitting to begin The attain-
ment of transpassive polarization behavior by alloy K-90 after relatively
low polarization (see polarization curves, Figure 7) creates a situation
that allows the cathodic branch of the HY-80 polarization curve to intersect
the transpassive reqion of the alloy K-90 anodic polarization curve at
relatively high current density. Thus, when alloy K-90 is coupled to HY-80
steel and immersed in artificial seawater, it pits profusely.
It is of interest to consider on a microscopic scale why alloy K-90 pits
at a given location. Keir. et. al. (7) suggested that pitting may occur
where there is a concentration of tin which breaks down the resistance of
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the aluminum oxide film. By the same reasoning, if there is a concentration
gradient near base metal grain boundaries, dissolution may proceed at these
locations as an intergranular corrosion phenomenon. The microstructure of
alloy K-90 is shown in Figure 6c. There is a subtle precipitate-free zone
adjacent to the grain boundaries and precipitate particles distributed
throughout the grains, with larger particles along the grain boundaries and
at "triple" points. This is essentially the same microstructure as pre-
sented by Keir et. al. for an Al- 0.08% tin alloy (7); alloy K-90 has a
0.10% tin content. It is reasoned that local concentrations of tin, in con-
junction with the high starting current and polarization behavior, create
the necessary conditions for the macroscopic pitting behavior and micro-
scopic dissolution attack mode of the alloy.
SUMMARY AND DISCUSSION
The three commercial aluminum sacrificial anode alloys studied in this
work, show similar galvanic current characteristics as a function of time.
Each alloy initially exhibits a relatively high current density (4.5 mA
2 2 2
per cm for alloy G-I, 7.4 mA per cm for alloy R-II, and 8.4 mA per cm
for alloy K-90) which falls off to a stable level (approximately 0.8 mA
per cm for each alloy, in couples with steel at area ratio 27:1). Current
density diminishes and stabilizes in this way primarily due to formation of
calcareous deposits on cathode surfaces, which effectively reduce the surface
area of the cathodes and so reduce the anodic current output required for
adequate cathodic protection. Cathodes protected by alloy K-90 develop the
heaviest calcareous deposits, and alloy K-90 anodes themselves become covered
with more corrosion product (than alloys G-I or R-II). The corrosion pro-
duct on the alloy K-90 anodes does not constitute passivation, i.e., does not
impair the anode's ability to supply galvanic current. It is obvious that
each anode material adequately protected the HY-80 steel to which it was
coupled for the duration of the tests in this research, as evidenced by the
continuing provision of galvanic current and by the calcareous deposits
formed on the cathodes.
Macroscopic corrosion patterns exhibited by each alloy studied are
different, related to compositional and thermal history variables of the
alloys. For alloy G-I, which was chill-cast and not heat-treated, the dis-
tribution of dissolution sites over the samples shows greater attack at the
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edges of the specimens; this indicates that this alloy is more sensitive
to geometric effects (potential distribution). Alloy R-II, which is cast,
heat-treated, and slow-cooled, shows formation of local dissolution sites
on the broad surfaces of the anode. Although alloy R-II forms more local
dissolution sites than alloy G-I, the heat treatment of alloy R-II appar-
ently does not completely homogenize the alloy; the dissolution sites are
not as numerous as those on alloy K-90, and cover only a fraction of the
surface area of the anode; also, the microstructure of as-received alloy
R-II indicates that the alloy is still dendri tical ly segregated. Alloy
K-90 is heat-treated at approximately 900°F in order to re-solution tin
and zinc, and then is water quenched; it. typically shows rapid, widespread,
fine-scale pitting. The initial pits expand and coalesce to eventually
cover the entire specimen surface. In this case it is likely that the
alloy composition is related to the pitting behavior through the influence
of a fine-scale distribution of tin-rich precipitates in the base metal of
this alloy, creating favorable sites for the start of the pits.
The small specimen coupons used in this study seem to fairly repre-
sent large anode samples, based on the fact that the same general corrosion
patterns dr^ seen over the surface of the small coupons as are seen on full-
size anodes (41). This supports the validity of small-scale, inexpensive,
laboratory tests for comparing aluminum anode alloys.
The dissolution patterns of mercury-bearing anodes could probably be
improved by establishing alloying and heat-treating procedures to encourage
more uniform corrosive attack. It is logical to assume (and if is apparent
from the behavior of alloy K-90) that solution heat-treating increases the
uniformity of macroscopic corrosion patterns. However, it still cannot be
stated exactly what factors lead to localized corrosion attack of mercury-
bearing alloys.
The experimental techniques used in this research (galvanic current,
polarization, microscopy) have provided correlative results which establish
an anode alloy's corrosion behavior. For instance, alloy K-90's high
initial galvanic current density and polarization behavior provide evidence
that the alloy will exhibit pitting attack. Observations by scanning
electron microscopy and macrophotography have verified this behavior by
providing physical evidence of pitting on alloy K-90 anodes. Also polari-
zation and galvanic current data obtained from alloy R-II suggests that
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this alloy will exhibit more pitting than alloy G-I and less than alloy
K-90. Again, microphotography shows this to be the case.
Scanning electron microscope examinations of the corroded surfaces of
aluminum sacrificial anode specimens show that a combination of corrosion
mechanisms is responsible for the dissolution morphology. Each type of
alloy investigated evidences its own particular microscopic dissolution
pattern, with certain distinct morphological features. The dissolution
morphologies exhibited are all quite obviously crystallographic, but the
specific morphologies are different. Alloy G-I exhibits a unique "herring-
bone" step pattern, with relatively small amounts of corrosion product on
the dissolution surface, indicative that the alloy is not likely to
passivate. Alloy R-II shows a completely different dissolution morphology
from alloy G-I,which might not be anticipated since these two alloys are
almost identical in nominal composition. There are two general features of
the dissolution patterns of alloy R-II: (1) a dissolution morphology of
"peaks" formed by preferential crystallographic etching (dissolution), and
(2) variable dissolution rates for different grains within a single
dissolution region. As for alloy G-I, alloy R-II samples show only small
amounts of corrosion product (macroscopically and microscopically) so that
a passivation problem would not be anticipated for this alloy. Alloy K-90
specimens do not show microscopic dissolution patterns which are as dis-
tinct as the "herringbones" and "peaks" associated with the other two alloys;
but there is evidence of intergranular corrosion on the microscopic scale,
consistent with the physical attributes of the specimens (crumbling of the
surface).
In this work, the corrosion rates calculated from galvanic current data
show quite good correlation with weight loss measurements. Also, the gal-
vanic current data and potentiodynamic polarization data for those alloys
are reproducible and can be used to predict the relative corrosion rates of
aluminum anode alloys when galvanically coupled to other metals. In the
course of this research, it has been shown that effective reproducible
potentiodynamic polarization curves can be obtained routinely for these
aluminum sacrificial anode alloys.
X-ray diffraction analyses carried out to try to identify corrosion
products were inconclusive. X-ray powder patterns were obtained in an
attempt to identify (in-place) the relatively heavy corrosion product on the
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alloy K-90 anodes, calcareous deposits on the cathodes of galvanic couples,
and a white flocculent precipitate which accumulated in the synthetic
seawater electrolyte. X-ray diffraction patterns of the alloy K-90 cor-
rosion product and the precipitate in the electrolyte were inconclusive,
probably because these products were amorphous or (more likely) of very
fine particle size. X-ray diffraction patterns of the calcareous deposits
on the cathodes produced peaks corresponding to calcium carbonate and
dihydrous calcium sulphate (CaSO.. 2hL0). The diffraction patterns pro-
duced from deposits on all cathodes were identical, irrespective of anode
a 1 1 oy
.
Alloys G-I and R-II have similar alloy constituency but s/ery different
microscopic corrosion dissolution patterns. The reasons for this difference
were not established during this research. It can only be conjectured that
the heat treatment of alloy R-II and its additional guantity of zinc are
the factors creating the different microscopic dissolution characteristics.
This contrast in behavior between two compositionally similar commercial
anode alloys serves to point out that factors other than alloy composition
can be of great importance in aluminum sacrificial anode alloys.
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Figure 1: Galvanic current vs. time behavior of Galvalum I/HY-80 steel couples
(area ratio 27:1) in synthetic seawater. (a) Fourteen-day runs
(b) Shorter-time runs, expanded time scale.
Figure 2: Galvanic current vs. time behavior of Reynode II/HY-80 steel couples
(area ratio 27:1) in synthetic seawater. (a) Fourteen-day runs
(b) Shorter-time runs, expanded time scale.
Figure 3: Galvanic current vs. time behavior of KA-90/HY-80 steel couples
(area ratio 27:1) in synthetic seawater. (a) Fourteen-day runs
(b) Shorter- time runs, expanded time scale.
Figure 4: (a-g) Photographs of coupon anodes (1.22 cm x 1.22 cm x 0.51 cm)
after 14-days coupling to steel (area ratio 1:27) in synthetic
seawater. (a) MIL-SPEC Zinc (b) Galvalum I (c) Galvalum II
Galvalum III (e) Reynode II (f) KA-90 (g) KA-95. (h) Photograph of
full-size sacrificial aluminum anodes (3.8 cm x 3.8 cm x 38 cm):
the alloys shown, left-to-right, are A: Reynode II, B: KA-95,
C: unexposed anode, D: KA-90, E: Galvalum I. Photograph courtesy
of Kaiser Aluminum.
Figure 5: Photographs of HY-80 steel cathodes (8.25 cm x 8.25 cm x 0.32 cm)
after 14-days coupling to anodes (area ratio 27:1) in synthetic
seawater; the associated anodes were: (a) MIL-SPEC Zinc (b) Galvalum I,
(c) Galvalum II, (d) Galvalum III, (e) Reynode II, (f) KA-90, (g) KA-95,
Figure 6. Base-metal microstructures of three aluminum sacrificial anode alloys,
(a) Galvalum I, (b) Reynode II, (c) KA-90. Specimens etched with
0.5% hydrofluoric acid.
Figure 7: Potentiodynamic polarization curves in synthetic seawater, scan
directions upward at 1.0 mV/sec (a-c) Four separate curves shown for
each aluminum alloy, each representing a fresh sample and fresh
electrolyte. (a) Galvalum I, (b) Reynode II, (c) KA-90. (d) HY-80
steel. The asterisks shown in (a) (b) (c) represent the intersection
points of the cathodic branch of the HY-80 steel with the anodic
branches of the aluminum curves, for an area ratio of 27:1.
Figure 8: Low-magnification scanning electron micrographs of Galvalum I anode
coupons after various times coupled to HY-80 steel (area ratio 1:27)
in synthetic seawater. (a) 0.25 hr., 50X, corroded area localized on
edge of specimen, (b) 4 hrs, 60X, dissolution regions advancing inward
from specimen edges, (c) 48 hrs, 60X, further expansion of dissolution
region.
Figure 9: Low-magnification scanning electron micrographs of Reynode II anode
coupons after various times coupled to HY-80 steel (area ratio 1:27)
in synthetic seawater. (a) 0.25 hr., 100X, local dissolution sites
initiated on broad face of specimen, (b) 8 hrs., 60X, expansion of
dissolution cavity on broad face of specimen, (c) 24 hrs, 25X, con-
tinued growth of dissolution cavity, (d) 48 hrs, 25X, (e) 72 hrs.,
25X, the dissolution cavities elongate down the vertical faces of
the anodes.
34
Figure 10: Low-magnification scanning electron micrographs of KA-90 anode
coupons after various times coupled to HY-80 steel (area ratio 1:27)
in synthetic seawater. (a) 0.5 hrs., (SOX, distribution of initial
dissolution sites on broad face of specimen, (b) 1.0 hr., 20X,
(c) 12 hrs., 20X, (d) 24 hrs
.
, 20X, (e) 48 hrs
.
, 60X, note accumulation
of corrosion product near dissolution sites.
Figure 11: Scanning electron micrographs of dissolution morphology of
Galvalum I anodes (a) 1 hour, 120X, regular pattern evident
in each base metal grain, (b) 1 hour, 1200X, magnified view of
region, showing characteristic "Herringbone" step pattern of
dissolution morphology, (c) 1 hour, 600X, note steps on grain at
upper right, (d) 2 hrs., 250X, note directionality of dissolution
surface pattern in each grain, (e) 2 hrs., 650X, grain boundary
evident on dissolution surface, (f) 4 hrs., 2300X, cracked compact
film on uncorroded region of anode surface, (g) 24 hrs., 220X,
"herringbone" step structure in dissolution region, with an
increase in the amount of corrosion product (white clusters): note
slight undercutting of general surface film, (h) 24 hrs., 2000X,
magnified view of corrosion product clustering on steps of dis-
solution surface, (i) 96 hrs., 230X, (j) 96 hrs., 600X.
Figure 12: Scanning electron micrographs of dissolution morphology of Reynode II
anodes (a) 0.5 hr
.
, 200X, ridges evident along grain boundaries
within dissolution region, (b) 0.5 hr., 1000X, magnified view of
grain boundary ridge near center, (c) 0.5 hr., lOOOX^magnif ied view
of grain surface, showing characteristic "peak" morphology, (d) 1 hr.,
250X (e) 1 hr., 500X, note distinct definition of grain surface
facets (f) 1 hr., 1000X, "peak" morphology evident at high magnifi-
cation, (g) 2 hrs., 500X, striated morphology evident on some grain
surfaces (h) 2 hrs., 1000X, "peak" morphology (i) 4 hrs., 100X,
(j) 4 hrs., 1000X, (k) 8 hrs., 1000X, (1) 24 hrs., 1000X, (m) 72 hrs.,
600X, note striated dissolution morphology in some grains, peak
morphology in others.
Figure 13: Scanning electron micrographs of dissolution morphology of KA-90
anodes. (a) 0.5 hr
.
, 1200X, dissolution cavity undercutting surface
and corrosion product buildup, (b) , 1 hr., 600X, surface of dis-
solution cavity, (c) 2 hr., 1200X, dissolution cavity, (d) 12 hrs.,
240X, dissolution cavities; note surface undercutting, (e) 24 hrs.,
1200X, note striated step structure on dissolution surface; this
structure is only evident when corrosion product falls away from
the surface, (f) 24 hrs., 600X, note grain triple point accented
by concentrated attack along grain boundaries, (g) 24 hrs., 2400X,
close-up of grain triple point, showing grain line penetration,
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*Figure 4: (a-g) Photographs of coupon anodes (1.22 cm x 1.22 cm x 0.51 cm)
after 14-days coupling to steel (area ratio 1:27) in synthetic
seawater. (a) MIL-SPEC Zinc (b) Galvalum I (c) Galvalum II






Photograph of full-size sacrificial aluminum .modes (3.8 cm
x 3.8 cm x 38 cm): the alloys shown, left-to-right, are
A: Reynode II, B: KA-95, C: unexposed anode, D: KA-90,
E: Galvalum I. Photograph courtesy of Kaiser Aluminum.
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Figure 5: Photographs of HY-80 steel cathodes (8.25 cm x 8.25 cm x 0.32 cm)
after 14-days coupling to anodes (area ratio 27:1) in synthetic
seawater; the associated anodes were: (a) MIL-SPEC Zinc (b) Galvalum I,








Figure 6. Base-metal microstructures of three aluminum sacrificial anode alloys,
(a) Galvalum I, (b) Reynode II, (c) KA-90. Specimens etched with
0.5% hydrofluoric acid. All magnifications 100X.
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Figure 8: Low-magnification scanning electron micrographs of Galvalum I anode
coupons after various times coupled to HY-80 steel (area ratio 1:27)
in synthetic seawater. (a) 0.25 hr., 50X corroded area localized on
edge of specimen, (b) 4 hrs, 60X, dissolution regions advancing inward




Figure 9: Low-magnification scanning electron micrographs of Reynode II anode
coupons after various times coupled to HY-80 steel (area ratio 1:27)
in synthetic seawater. (a) 0.25 hr., 100X, local dissolution sites
initiated on broad face of specimen, (b) 8 hrs
.
, 60X, expansion of
dissolution cavity on broad face of specimen, (c) 24 hrs, 25X, con-
tinued growth of dissolution cavity, (d) 48 hrs, 25X, (e) 72 hrs.,








Figure 10: Low-magnification scanning electron micrographs of KA-90 anode
coupons after various times coupled to HY-80 steel (area ratio 1:27)
in synthetic seawater. (a) 0.5 hrs., 60X, distribution of initial
dissolution sites on broad face of specimen, (b) 1.0 hr., 20X,
(c) 12 hrs., 20X, (d) 24 hrs., 20X, (e) 48 hrs
.
, 60X, note accumulation
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